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Introduction {#sec001}
============

Cadherins belong to a superfamily of transmembrane cell--cell adhesion molecules which play important roles in development, morphogenesis, and cancer \[[@pone.0156758.ref001], [@pone.0156758.ref002]\]. The function of cadherins is exerted at the cell surface, where extracellular domains of identical cadherins interact in a homophilic, Ca^+2^-dependent manner to form adherens junctions between adjacent cells. The intracellular domains interact with several cytoplasmic proteins, the most prominent of which are the catenins \[[@pone.0156758.ref003]\]. Proximal and distal regions of cadherin cytosolic domains interact directly with p120 catenin and β-catenin (or its close relative plakoglobin), respectively. Catenins bound to surface cadherins modulate cell-cell adhesion through different mechanisms involving cadherin recycling, stability, and coupling to the actin cytoskeleton. P120 binds to a \~40 amino acids region at the juxtamembrane domain of cadherins, masking clathrin-dependent endocytic motifs \[[@pone.0156758.ref004]--[@pone.0156758.ref007]\]. Therefore, p120 plays a key role as an inhibitor of cadherin turnover and as a \"set point\" for cadherin expression levels \[[@pone.0156758.ref008], [@pone.0156758.ref009]\]. Most cells express multiple p120 isoforms, and N-terminal splicing events lead to the use of four alternative start codons \[[@pone.0156758.ref010]\]. All isoforms contain a conserved and central Armadillo repeat domain which mediates equivalent binding to cadherin \[[@pone.0156758.ref011]\]. However, the efficiency in stabilizing cadherin at the plasma membrane differs among isoforms containing (isoform 3) or lacking (isoform 4) the N-terminal regulatory domain \[[@pone.0156758.ref012]\]. Thus, different p120 isoforms may affect cadherin function by recruiting distinct binding partners to the cadherin complex.

Cadherins biosynthesis occurs at ER-bound ribosomes as precursors containing a pro-domain at the N-terminus that inhibits cadherin dimerization and adhesion \[[@pone.0156758.ref013]--[@pone.0156758.ref015]\]. In a late Golgi compartment, the pro-domain is cleaved by pro-protein convertases of the furin family \[[@pone.0156758.ref015]--[@pone.0156758.ref017]\]. Beta catenin and p120 bind to the cytoplasmic domain of cadherin precursors, trafficking as a complex towards the cell surface \[[@pone.0156758.ref017]--[@pone.0156758.ref020]\]. The functional significance of catenin binding at this early stage of cadherin synthesis is unclear. P120 has been implicated in post-Golgi trafficking of cadherins to the cell surface via association and recruitment of the microtubule-associated motor kinesin \[[@pone.0156758.ref021]\]. Kinesin binds to the p120 N-terminal regulatory domain. Whether p120 bound to the N-cadherin precursor plays a role at earlier stages of anterograde trafficking has not been addressed. Cells expressing N-cadherin with the p120 binding site mutated, displayed accumulation of the precursor suggesting this possibility \[[@pone.0156758.ref022]\]. However additional cadherin partners, such as presenilin-1, ankyrin-G and the glutamate receptor interacting protein (GRIP), whose binding sites overlap with that of p120, could also be implicated \[[@pone.0156758.ref023]--[@pone.0156758.ref025]\]. In the present paper we specifically inhibited p120 expression by shRNAi and confirmed the role of p120 as a positive regulator of the anterograde traffic and processing of the N-cadherin precursor. We also show that p120 and protein tyrosine phosphatase PTP1B are required for recruiting N-ethylmaleimide sensitive factor (NSF) to the cadherin precursor complex. NSF is an essential ATPase of the vesicular trafficking machinery. It disassembles cis v/t-SNARE complexes maintaining free v- and t-SNARE pools necessary for membrane fusion events \[[@pone.0156758.ref026]\]. Our results suggest a novel mechanism by which p120 and PTP1B ensures the trafficking of nascent N-cadherin precursor through early stages of the biosynthetic pathway, likely implicating the NSF machinery.

Materials and Methods {#sec002}
=====================

Antibodies and reagents {#sec003}
-----------------------

Monoclonal antibody against N-cadherin was from BD Transduction laboratories (final dilution 1/4000). Monoclonal anti-p120 antibodies (clones 6H11 and 15D2; final dilution 1/1000) were kindly provided by A. B. Reynolds (Vanderbilt University, Nashville, U. S.). Monoclonal antibodies against HA (clone HA-7; final dilution 1/1000) and anti-α-tubulin (clone DM1A, final dilution 1/20000), and the polyclonal antibody against calnexin (final dilution 1/1000), were from Sigma-Aldrich. Monoclonal anti-NSF was kindly provided by T. Mustelin (Burnham Institute, La Jolla, U. S.) or obtained from Enzo Life Sciences (clone 9G7-3) or Abcam (clone NSF-1); all used at a final dilution 1/1000. Monoclonal anti-phosphotyrosine (clone 4G10, final dilution 1/750) was from Millipore. Alexa-488, Alexa-568 and Alexa-647 conjugated fluorescent secondary antibodies were from Molecular Probes (final dilution 1/1000). HRP-conjugated antibodies (final dilution 1/20000) were from Jackson Immunoresearch. Fluorescent secondary antibodies IR680 anti mouse and anti rabbit for infrared imaging were from LI-COR (final dilution 1/20000). Protein-G conjugated to Sepharose was from GE Healthcare and protein A/G conjugated to magnetic beads was from Thermo Scientific (final dilution 1/20000) Coverslips were from Marienfeld GmbH & Co and fibronectin was from Sigma-Aldrich.

DNA constructs {#sec004}
--------------

N-cadherin with EGFP added at the C-terminal and the HA-tag inserted in the propeptide (pro-WT) and N-cadherin-3A mutant with YFP at the C-terminal and the HA-tag inserted in the propeptide (pro-3A), were previously described (HA-N-cadherin-EGFP and HA-N-cadherin-3A-YFP respectively, \[[@pone.0156758.ref022]\]). For colocalization studies we prepared pro-WT2 (pro-WT without EGFP) using pro-WT as PCR template (Forward primer: 5' GGGAT ATCTGCCACCATGTGCCGGATAG 3'; Reverse primer: 5 'GCTCTAGATCAGTCAT ACCTCCACCGTACATGTC 3'). The PCR product was inserted into EcoRV/XbaI sites of the pcDNA3.1 plasmid. The cDNA of p120 isoforms 1A and 3A in pms vector were kindly provided by A. B. Reynolds (Vanderbilt University, Nashville, USA). For expression in SW48 cells, the isoforms were cloned into the EcoRI/EcoRV sites of pcDNA3.1. The isoform p120-4A was obtained by PCR, using p120-1A-pms as template, and cloned into the EcoRI/EcoRV sites of pcDNA3.1 (Forward primer 5´ CGGAATTCGTATGATTGG TGAAGAGGTCC 3´; Reverse primer: 5´ CCGATATCGGTACCAGGTCTAG 3´). All constructs were verified by DNA sequencing. The cDNAs of NSF-WT and NSF-E329Q in pcDNA3.1 were kindly provided by M. G. Coppolino (University of Toronto, Toronto, Canada). GalNacT-DsRed was kindly provided by J. L. Daniotti (Universidad Nacional de Córdoba, Córdoba, Argentina). EGFP-ERGIC-53 was a gift from H. P. Hauri (Biozentrum, University of Basel, Switzerland).

RNA interference {#sec005}
----------------

For human p120 silencing by short hairpin interference RNA, an oligoduplex was obtained by hybridization of single strand oligonucleotides consisting of the sense and antisense target sequence of human p120 (underlined) separated by a 9 nucleotide loop: Sense, 5´ GATCCCC[GCCAGAGGTGGTTCGGATA]{.ul}TTCAAGAGA[TATCCGAACCACCTCTGGC]{.ul}TTTTT 3´; antisense, 3´ GGG[CGGTCTCCACCAAGCCTAT]{.ul}AAGTTCTCT[ATAGGC TTGGTGGAGACCG]{.ul}AAAAATCGA 5´. The oligoduplex was inserted into BglII/HindIII sites of pG-Shin2 vector (kindly provided by S.I. Kojima, Gakushuin University, Japan; \[[@pone.0156758.ref027]\]). A control plasmid was made inserting a target sequence of mouse p120 (5´ GCCAGAGTGGTGCGAATA 3´) into the hairpin. Both, human and mouse target sequences were validated previously \[[@pone.0156758.ref008]\]. For colocalization assays, the second expression cassette of pG-Shin2 vector, which encodes for EGFP, was modified by PCR insertion of a nuclear localization signal (PKKKRKV) at the N-terminus of the EGFP cDNA. (Forward primer: 5\`ATCCACCGGTGCCGTTATGGGACCCAAGAAGAAGCGGAAAGTGAGCA AGGGCGAGGAG 3\`; Reverse primer: 5' GAGTCAGCTGAGCGAGGAAGC 3'). The PCR product containing NLS-EGFP was cloned into the AgeI and SalI sites of pG-Shin2. Targeting EGFP to the nucleus facilitated simultaneous detection of pG-Shin2-transfected cells and cytoplasmic proteins without interference.

Knockdown of NSF was performed using ON-TARGETplus siRNA duplexes designed to a previously validated target sequence \[[@pone.0156758.ref028]\], and obtained from Dharmacon. The siRNA duplexes were tested in a range of 10--100 nM and used at a final concentration of 10 nM for NSF. Cells maintained in Opti-MEM were transfected with the siRNA using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions, and processed after 48 h. As a control, the ON-TARGETplus non-targeting siRNA duplex \#1 from Dharmacon was used.

Cell Culture and DNA Transfection {#sec006}
---------------------------------

HeLa cells and SW48 cells were acquired from the American Type Culture Collection (ATTC). PTP1B null (KO) cells and PTP1B reconstituted (WT) cells were kindly provided by B. Neel \[[@pone.0156758.ref029]\]. Cells were cultured in high-glucose Dulbecco´s Modified Eagle Medium (DMEM) containing L-glutamine and supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin (Invitrogen) in a 5% CO~2~, 37°C incubator. Transient transfections were performed in 24-well tissue-culture plates (1--1.5 μg DNA/well), in 35 mm dishes (5 μg DNA/dish) or in 60 mm dishes (10 μg DNA/dish) using Lipofectamine 2000 (Invitrogen) for SW48 cells, or PEI (polyethylenimine) 87K (25 mM ethyleneimine monomer) \[[@pone.0156758.ref030]\] for HeLa cells. Transfections were performed according to the manufacturer\'s recommendations (LF: 2μl/μg DNA; PEI: 3μl/μg DNA). After 48 h of transfection, cells were harvested for analysis.

Immunoprecipitation and Western Blotting {#sec007}
----------------------------------------

We followed previously described procedures \[[@pone.0156758.ref022]\]. Cells were lysed on ice (30 min) in a buffer containing 20 mM Tris-HCl, pH 7.4, 137 mM NaCl, 1% v/v Triton X-100, 1 mM PMSF, 10 μg/ml leupeptin, 5 μg/ml aprotinin and 10 mM NaF. Dishes were scrapped, and the cell suspension was centrifuged at 13.000 ***g*** for 10 min at 4°C. About 1 mg of supernatant protein was sequentially incubated at 4°C with 2 μg primary monoclonal antibodies (3 h), and protein G-Sepharose or protein A/G- magnetic beads (1.5 h). Immunocomplexes were washed three times with lysis buffer and boiled 5 min in SDS-PAGE sample buffer. Supernatants were fractionated by SDS-PAGE and transferred to polyvinyl difluoride (PVDF) or nitrocellulose membranes (Millipore). Blots were probed with primary antibodies, followed by HRP-conjugated secondary antibodies and revealed by enhanced chemiluminescence, or incubated with IR-680 fluorescent secondary antibodies and scanned with the Odyssey CLx infrared imaging system (LI-COR). Quantitative analysis of the signal intensity of the bands was performed using ImageJ software (Wayne Rasband, National Institutes of Health). For phosphotyrosine analysis, blots were stripped \[[@pone.0156758.ref022]\] and probed with 4G10 monoclonal antibody.

Immunofluorescence and quantification methods {#sec008}
---------------------------------------------

Cells were processed as described \[[@pone.0156758.ref022]\]. Briefly, cells attached to fibronectin-coated coverslips (20 μg/ml) were sequentially fixed with 4% paraformaldehyde in PBS for 20 min, permeabilized with 0.5% Triton X-100/PBS for 5 min, and blocked in 3% BSA/PBS for 1 h. Primary and secondary antibodies were incubated at room temperature for 1 h. Samples were mounted in Vectashield (Vector) and analyzed with a 60 x, 1.4 NA objective in a Nikon TE2000-U microscope (Nikon) coupled to an ORCA-AG cooled CCD camera (Hamamatsu) or an Olympus FV1000 confocal microscope (Olympus). To quantify signal overlapping, confocal optical sectioning of the entire cell volume was performed taking images (1024 x 1024 pixels, 16 bits) every 0.4 μm intervals on the zeta axis. Image stacks were processed with ImageJ. Background subtraction was as follows: For punctate features, a rolling ball algorithm (radius size 5 pixels) was applied to images. For reticular and large pleiomorphic membranous compartments, an extracellular region of interest (ROI) was subtracted to images. The fraction of HA puncta overlapping with ERGIC-53 puncta was determined in ROIs excluding the nuclear and perinuclear compartments. The fraction of HA puncta overlapping with the endoplasmic reticulum (ER) calnexin was analyzed in ROIs of peripheral areas showing well defined ER tubules. Images were segmented based on signal intensity (default algorithm). HA and ERGIC puncta in binary images were further filtered by size (0.07--0.5 μm^2^) and circularity (0.5--1). Binary images were multiplied by original images and then analyzed for colocalization using the JACOP plugin, using the default settings. Manders´ colocalization coefficients were obtained. To analyze HA and GalNacT colocalization, images from confocal stacks were thresholded to detect objects with intensities of one standard deviation above the mean. Under these conditions, the Golgi area, revealed by the GalNacT label, was included in the binary images. Signal overlapping in GalNacT and HA images was evaluated by calculating Manders coefficients.

Statistical analysis {#sec009}
--------------------

Statistical analyses were performed using GraphPad Prism version 5 (GraphPad Software). Two-tailed t-student and Mann-Whitney tests were used to compare two samples, and a one-way ANOVA, followed by the Dunnett´s multiple comparison post hoc test, was used for multiple comparisons. p \< 0.05 was considered significant.

Results {#sec010}
=======

Expression of p120 catenin is required for N-cadherin precursor processing {#sec011}
--------------------------------------------------------------------------

In a previous study we found that inefficient delivery of N-cadherin to the cell surface correlated with reduced association of p120 catenin to the N-cadherin precursor \[[@pone.0156758.ref022]\]. In addition, an N-cadherin mutant unable to bind p120 failed to traffic efficiently from ER to Golgi. Thus, we hypothesized that p120 catenin plays an active role promoting N-cadherin precursor trafficking at early stages of the biosynthetic pathway. To study the N-cadherin precursor trafficking in HeLa cells we used a previously characterized construct, HA-N-cadherin-GFP (pro-WT), which contains the hemagglutinin (HA) epitope inserted into the pro-peptide sequence at the N-terminus of N-cadherin, and EGFP at the C-terminus \[[@pone.0156758.ref022]\]. The relative levels and subcellular distribution of the precursor and the entire pool of N-cadherin can be determined by HA and EGFP detection, respectively. The pro-WT construct migrates slower than endogenous N-cadherin in SDS-PAGE and can be easily distinguished. Analysis by Western blotting probed with anti-N-cadherin, revealed that expression levels of pro-WT represented, on average, \~ 12% of the endogenous N-cadherin levels (Figure A in [S1 File](#pone.0156758.s001){ref-type="supplementary-material"}). Since in our experimental conditions about 40% of the total cell population is transfected, the expression of pro-WT in transfected cells must be \~ 30% of the endogenous N-cadherin. To investigate the role of p120 in pro-WT trafficking, we knocked down p120 expression in HeLa cells by expression of a small hairpin RNAi against a validated human p120 target sequence \[[@pone.0156758.ref008]\]. The shRNAi vector used for this purpose co-expresses EGFP as an independent cistron, allowing an easy identification of knockdown cells by microscopy \[[@pone.0156758.ref027]\]. As a control, we used a shRNAi vector encoding the target sequence of mouse p120, which differs by three bases from the human p120, and did not have any effect in human cells \[[@pone.0156758.ref008]\] (Figure B in [S1 File](#pone.0156758.s001){ref-type="supplementary-material"}). The levels of p120 were analyzed by Western blotting probed with two monoclonal antibodies: clone 6H11 recognizes an N-terminal epitope and detects isoforms 1 and 2, while clone 15D2 recognizes an epitope near the C-terminus of p120 and detects the four main p120 isoforms \[[@pone.0156758.ref031]\]. Consistent with previous work, we found that control HeLa cells express prominently the p120-1 isoform, and low levels of the p120-3 isoform ([Fig 1A](#pone.0156758.g001){ref-type="fig"}; \[[@pone.0156758.ref032]\]). In cells expressing the p120 shRNAi (p120KD), the levels of both p120 isoforms were reduced in a similar proportion. Quantification of p120-1 levels showed a reduction of 70% compared to the levels in cells expressing control shRNAi. The strong inhibition of p120 expression in individual EGFP positive cells was also confirmed by immunofluorescence microscopy ([Fig 1A](#pone.0156758.g001){ref-type="fig"}). In cells co-expressing the p120 shRNAi and pro-WT, the levels of N-cadherin precursor, revealed by anti-HA detection, increased \~2.4-fold compared to cells expressing control shRNAi ([Fig 1B](#pone.0156758.g001){ref-type="fig"}). Similar results were observed in HeLa cells expressing a construct containing a triple alanine substitution in the juxtamembrane domain which prevents p120 binding \[[@pone.0156758.ref005], [@pone.0156758.ref022]\]. This construct (pro-3A) also contained an HA epitope inserted within the pro-peptide to detect the precursor form \[[@pone.0156758.ref022]\]. Western blotting analysis using anti-HA revealed a \~3-fold increase in pro-3A levels compared to the control pro-WT construct ([Fig 1C](#pone.0156758.g001){ref-type="fig"}).

![P120 catenin promotes N-cadherin precursor processing.\
(A) Left, Western blotting analysis of HeLa cells transfected with shRNAi targeting mouse p120 (control) or human p120 (p120KD). Specific antibodies were used for detection of endogenous levels of p120 isoforms and tubulin. Clone 15D2 recognizes the four isoforms of p120 and clone 6H11 recognizes isoforms 1 and 2. Both antibodies showed that p120-1 is the predominant isoform. The reduction of p120-1 in p120KD cells, relative to control is shown in the middle graph. Right panels are representative images of fluorescence microscopy showing the strong effect of p120KD in individual transfected cells (GFP-positive, dotted outlines). The p120 levels were detected by immunofluorescence with 6H11. (B) Western blotting of HeLa cells co-transfected with pro-WT and either, control or p120KD shRNAi. N-cadherin precursor levels, detected by HA labeling, were quantified and expressed as HA/tubulin ratios. (C) Western blotting of HeLa cells transfected with pro-WT or pro-3A. N-cadherin precursor levels, detected by HA labeling, were quantified and expressed as HA/tubulin ratios. (D) Western blotting showing endogenous N-cadherin levels in control and p120KD HeLa cells and immunofluorescence showing the distribution of endogenous N-cadherin in control and p120KD HeLa cells (identified by GFP expression, left panels). Yellow arrowheads at the right panels point intercellular junctions and yellow arrows point the intracellular accumulation of N-cadherin in p120KD cells. At least three repetitions were used for quantifications of blots. A. U. (arbitrary units). Bars in graphs represent means ± S.E.M. Statistical significance was determined by two-tailed Student´s *t*-test.](pone.0156758.g001){#pone.0156758.g001}

Previous studies have demonstrated that p120 levels act as a set point for determining cadherin levels \[[@pone.0156758.ref008], [@pone.0156758.ref009]\]. In agreement with this, we found that endogenous mature N-cadherin levels were significantly reduced in p120KD cells ([Fig 1D](#pone.0156758.g001){ref-type="fig"}). Immunofluorescence analysis further revealed a reduction of N-cadherin at intercellular junctions and an increase of the cytoplasmic pool ([Fig 1D](#pone.0156758.g001){ref-type="fig"}). Collectively, these results strongly suggest that p120 expression and binding to the N-cadherin precursor is required for trafficking from the ER, to the late compartment in the secretory pathway where it is proteolytically processed.

P120 facilitates progression of the N-cadherin precursor through early stages of the secretory pathway {#sec012}
------------------------------------------------------------------------------------------------------

We predicted that accumulation of the N-cadherin precursor in conditions of p120 inhibition must occur in a compartment of the secretory pathway previous to the proteolytic removal of the pro-peptide at the TGN. To address this issue we performed colocalization analysis of the HA label with markers of ER-Golgi traffic compartments in stacks of optical sections obtained by confocal microscopy. For this study we used a variant of the pro-WT construct (called pro-WT2) in which the EGFP was eliminated from the N-cadherin C-terminus. In addition, the EGFP from the shRNAi vector was modified by addition of a nuclear localization sequence that delivers the protein to the nucleus and avoids the interference of EGFP in the colocalization analysis. The distribution of pro-WT2 in control cells was prominent in the perinuclear region ([Fig 2A and 2G](#pone.0156758.g002){ref-type="fig"}), where we previously showed an overlapping with Golgi markers \[[@pone.0156758.ref022]\]. In p120KD cells the N-cadherin precursor accumulated in the perinuclear compartment, but in addition, displayed a widespread punctate distribution throughout the cell ([Fig 2D and 2J](#pone.0156758.g002){ref-type="fig"}). Quantification of HA puncta per cell revealed a significant difference between p120KD and control cells (mean ± S.E.M., control: 88 ± 13; p120KD: 162 ± 15; [Fig 2M](#pone.0156758.g002){ref-type="fig"}). We examined whether the punctate distribution overlapped with the ER marker calnexin. High resolution confocal imaging revealed that pro-WT puncta partly overlapped with tubular ER in both, control and p120KD conditions ([Fig 2C and 2F](#pone.0156758.g002){ref-type="fig"} and insets). Quantification of Manders´ overlapping coefficients determined in peripheral regions of the ER network confirmed these observations and revealed higher colocalization of HA/calnexin in the p120KD condition (mean ± S.E.M., control: 0.30 ± 0.03, n = 422 HA puncta from 9 cells; p120KD: 0.54 ± 0.04, n = 617 puncta from 7 cells; [Fig 2N](#pone.0156758.g002){ref-type="fig"}). We then examined the colocalization of the precursor with ERGIC-53, a marker of the intermediate compartment between ER and Golgi, which distributes in punctate structures and in a perinuclear pleiomorphic compartment \[[@pone.0156758.ref033], [@pone.0156758.ref034]\]. Expression of GFP-ERGIC-53 in HeLa cells displayed the typical punctate and perinuclear distribution in both, control and p120KD conditions. Signal overlapping between HA and GFP-ERGIC-53 was not evident in the punctate distribution but was obvious in the perinuclear compartment ([Fig 2I and 2L](#pone.0156758.g002){ref-type="fig"} and insets). Quantification of the Manders´colocalization coefficients in punctate and perinuclear compartments confirmed these observations and revealed higher colocalization in the p120KD condition ([Fig 2O and 2P](#pone.0156758.g002){ref-type="fig"}). These results suggest a higher accumulation of the N-cadherin precursor at early traffic compartments under p120 inhibition.

![Distribution of N-cadherin precursor in p120KD HeLa cells.\
HeLa cells were co-transfected with pro-WT2 and either control (A-C, G-I) or p120KD (D-F, J-L) shRNAi. Cells were analyzed by confocal microscopy and representative images projected along the z-axis are shown. (A-F) Colocalization of N-cadherin precursor (HA, red label) with the ER marker calnexin (green label), detected by immunofluorescence. (G-L) Colocalization of the N-cadherin precursor (HA, red label) with transfected GFP-ERGIC-53 (green signal). Enlarged views from selected regions (white dotted boxes) are shown at the right. The expression of the control or p120KD shRNAi constructions in the analyzed cells is revealed by the modified nuclear-targeted GFP encoded by the vector (green channel). Scale bar in (L), 35 μm. (M) Number of HA puncta per cell in control and p120KD conditions (n = 27 cells per condition). Horizontal lanes indicate the position of means (control = 87,8; p120KD = 162.1). (N) Manders colocalization coefficients of the HA puncta overlapping calnexin in peripheral regions (control, n = 9 cells, total 422 puncta; p120KD, n = 7 cells, total 617 puncta). (O, P) Manders colocalization coefficients of the HA label overlapping GFP-ERGIC-53; independent analysis of the punctate (O) and clustered perinuclear distribution (P) of the HA label was performed (n = 24 cells per condition). Bars represent means ± S.E.M. Statistical significance was determined by a two-tailed Mann-Whitney test.](pone.0156758.g002){#pone.0156758.g002}

P120 regulates the recruitment of NSF to the N-cadherin precursor complex {#sec013}
-------------------------------------------------------------------------

We next examined potential mechanisms underlying the impaired N-cadherin precursor trafficking in the absence of p120. Upon considering several possibilities, we turned our attention to the N-ethylmaleimide sensitive factor (NSF). NSF is an ATPase essential for cis v/t-SNARE complex disassembly and maintenance of fusion competent pools of free v- and t-SNAREs \[[@pone.0156758.ref026]\]. It is therefore an important component of the vesicular trafficking machinery. NSF depletion by siRNA knockdown decreased the trans-epithelial electrical resistance of a cell monolayer \[[@pone.0156758.ref035]\]. Moreover, NSF is dephosphorylated and activated by the ER-resident protein tyrosine phosphatase PTP1B, promoting vesicle fusion events \[[@pone.0156758.ref028], [@pone.0156758.ref036]--[@pone.0156758.ref037]\]. We recently showed that PTP1B deficiency impaired ER to Golgi trafficking of the N-cadherin precursor, and this effect correlated with reduced p120 association to the precursor \[[@pone.0156758.ref022]\].

Thus, we sought to examine whether NSF is present in the complex of proteins associated with the N-cadherin precursor. We transfected HeLa cells with pro-WT and isolated the precursor complex by HA immunoprecipitation. Western blotting probed with different monoclonal antibodies against NSF consistently detected a band of \~76 kDa in the complex, which is not seen in the mock immunoprecipitation ([Fig 3A](#pone.0156758.g003){ref-type="fig"}). Remarkably, subsequent immunoprecipitation to isolate mature N-cadherin did not show associated NSF ([Fig 3B](#pone.0156758.g003){ref-type="fig"}). To determine if p120 was involved in NSF association to the N-cadherin precursor, we analyzed the presence of NSF in HA immunoprecipitates of cells transfected with pro-WT and the mutant pro-3A which cannot bind p120. As it is shown in [Fig 1C](#pone.0156758.g001){ref-type="fig"}, pro-3A precursor accumulated to a higher level than pro-WT; however, the amount of NSF associated with pro-3A precursor was significantly reduced compared to pro-WT ([Fig 3C](#pone.0156758.g003){ref-type="fig"}). Quantification of data revealed that NSF/HA ratios in pro-3A expressing cells were a third of those in pro-WT expressing cells. These results were confirmed in p120KD HeLa cells transfected with pro-WT ([Fig 3D](#pone.0156758.g003){ref-type="fig"}). Our data suggest that association of p120 to the cytoplasmic domain of N-cadherin precursor contributes to the recruitment of NSF to the complex. Since association of p120 with the N-cadherin precursor is impaired under PTP1B deficiency \[[@pone.0156758.ref022]\], we predicted that the amount of NSF co-immunoprecipitated with the N-cadherin precursor in murine PTP1B knockout (KO) cells should be impaired compared to KO cells reconstituted with PTP1B (WT). Results from three independent experiments revealed that NSF/HA ratios were consistently higher in WT cells than in KO cells ([Fig 3E](#pone.0156758.g003){ref-type="fig"}). Stripping the membranes and re-probing them with anti-phosphotyrosine revealed that NSF was phosphorylated in both, KO and WT cells, although the ratio pY/NSF in KO cells was higher than in WT cells in two experiments.

![NSF association with the N-cadherin precursor.\
(A, B) Soluble protein extracts from HeLa cells transfected with pro-WT were sequentially immunoprecipitated with anti-HA and anti-N-cadherin, to isolate the precursor (A) and the mature (B) N-cadherin pools. Mock immunoprecipitations omitted the primary antibody. The presence of NSF in the complexes was analyzed in Western blotting probed with anti-NSF. (C) Immunoprecipitation of N-cadherin precursor from cells transfected with pro-WT or pro-3A constructs, and analysis of NSF in the complexes. (D) Cells co-transfected with pro-WT and either control or p120shRNAi. N-cadherin precursor was isolated by HA-immunoprecipitation and the presence of NSF in the complex was detected in blots. The graphs in (C) and (D) represent quantifications of NSF bands, normalized to the HA signal. (E) Murine PTP1B KO and WT cell lines transfected with pro-WT were immunoprecipitated with anti-HA, and the protein complexes were analyzed by Western blotting probed with antibodies against HA, NSF, phosphotyrosine and tubulin. Numbers under the panels indicate the pY-NSF/NSF ratio. The graph at the right shows the quantification of NSF bands normalized to HA. In all cases, at least three independent experiments were used for quantifications. Data represent means ± S.E.M. Statistical significance was determined by two-tailed Student´s *t*-test.](pone.0156758.g003){#pone.0156758.g003}

NSF function is required for N-cadherin trafficking and processing {#sec014}
------------------------------------------------------------------

To determine the role of NSF in N-cadherin precursor trafficking and processing, HeLa cells were co-transfected with pro-WT, and either NSF-WT or NSF-E329Q constructs. NSF-E329Q is deficient in ATP hydrolysis and therefore inhibits the function of endogenous NSF, resulting in a dominant negative effect \[[@pone.0156758.ref038]\]. Western blotting probed with anti-N-cadherin, to simultaneously detect the ectopic precursor and mature N-cadherin forms, revealed that in cells expressing the empty vector or overexpressing NSF-WT, more than 70% of the ectopic N-cadherin is processed to the mature form, while in cells expressing NSF-E329Q more than 90% of the ectopic N-cadherin accumulated as a precursor form ([Fig 4A](#pone.0156758.g004){ref-type="fig"}). To complement these studies we analyzed, by confocal microscopy, the subcellular distribution of precursor and mature forms of N-cadherin in HeLa cells expressing NSF-WT or NSF-E329Q. The distribution of over-expressed NSF-WT was diffuse in the cytosol, while that of NSF-E329Q followed a punctate pattern throughout the cell, in agreement with previous findings \[[@pone.0156758.ref039]\] ([Fig 4B and 4E](#pone.0156758.g004){ref-type="fig"}). The distribution of N-cadherin-GFP in cells expressing NSF-WT was prominent at intercellular junctions ([Fig 4C and 4D](#pone.0156758.g004){ref-type="fig"}, inset). In contrast, the distribution of N-cadherin-GFP in cells expressing NSF-E329Q showed a discontinuous pattern at intercellular junctions and a significant accumulation at the ER, frequently overlapping with NSF-E329Q puncta ([Fig 4F and 4G](#pone.0156758.g004){ref-type="fig"}, inset). The distribution of the N-cadherin precursor was evaluated in cells transfected with pro-WT2. As expected, the N-cadherin precursor in cells expressing NSF-WT was visualized at the perinuclear region, in a Golgi location, and showed minimal colocalization with calnexin ([Fig 4H, 4J and 4N](#pone.0156758.g004){ref-type="fig"}). In contrast, in cells expressing NSF-E329Q most of N-cadherin precursor was retained at the ER, where it showed a tight colocalization with calnexin ([Fig 4K and 4M, inset, 4N](#pone.0156758.g004){ref-type="fig"}). Strikingly, siRNA-mediated knockdown of NSF did not affect the rate of N-cadherin precursor processing ([Fig 4O](#pone.0156758.g004){ref-type="fig"}).

![Function of NSF in N-cadherin trafficking.\
(A) Western blotting analysis of HeLa cells co-transfected with pro-WT, and empty vector or vector encoding NSF-WT or NSF-E329Q. Precursor and mature forms of pro-WT were detected with anti-N-cadherin. The lower size of the endogenous N-cadherin is not depicted. Visualization of ectopic NSF-WT and NSF-E329Q signals under non-saturating conditions did not allow detection of endogenous NSF (first lane). At least three independent experiments were used for quantification of precursor and mature forms of pro-WT (right graph). Bars represent means ± S.E.M. of precursor/mature ratios normalized to tubulin. Statistical significance (p \< 0.05) was determined using one-way ANOVA, followed by the Dunnett´s multiple comparison *post hoc* test. Different letters indicate statistically different means. (B-G) Distribution of N-cadherin-GFP and ectopic NSF constructs. HeLa cells were co-transfected with N-cadherin-GFP and either NSF-WT (B-D) or NSF-E329Q (E-G). (H-M) Colocalization of N-cadherin precursor (HA, red label) and the ER marker calnexin (green label) in cells co-transfected with pro-WT2 and NSF-WT (H-J) or NSF-E329Q (K-M). The expression of exogenous NSF constructs was verified in triple label samples (not shown). (N) Manders colocalization coefficients of the HA/calnexin signal overlapping in NSF-WT (n = 15 cells) and NSF-E329Q (n = 23 cells) conditions. Bars represent means ± S.E.M. Statistical significance was determined by a two-tailed Mann-Whitney test. Cells were analyzed by confocal microscopy and representative images projected along the z-axis are shown. Enlarged views (4x) from selected regions (yellow arrowheads) are shown as insets. Scale bar in (E), 35 μm. (O) HeLa cells were co-transfected with proWT and non-targeting siRNA duplexes (Control) or NSF siRNA duplexes (NSF siRNA). After 48 h, precursor and mature forms of the proWT construct, NSF and tubulin were analyzed by Western blotting. Quantification of NSF levels (NSF siRNA values relativized to control siRNA) and precursor/mature ratios in control and NSF siRNA conditions is shown at the right. Bars represent means ± S.E.M. from three independent experiments. Statistical significance (asterisks, p \< 0.05) was determined by a two-tailed Student´s *t*-test.](pone.0156758.g004){#pone.0156758.g004}

P120 reconstitution in p120-defficient cells rescues N-cadherin trafficking and processing {#sec015}
------------------------------------------------------------------------------------------

Most cell types express multiple isoforms of p120, generated by alternative splicing of a single gene \[[@pone.0156758.ref040]\]. The use of different translation start codons results in four isoforms, p120-1, 2, 3, and 4. All isoforms contain a central armadillo domain, which mediates binding to cadherin, but differ in the length of the N-terminal regulatory domain, being p120-1 the longest isoform, and p120-2, -3 and -4 progressively shorter at the N-terminal region. The p120 gene in the SW48 human colon carcinoma cell line contains a nonsense mutation in exon 7, yielding a premature stop codon and negligible expression levels of the protein \[[@pone.0156758.ref041]\]. We used SW48 cells to test if different p120 isoforms were capable of promoting N-cadherin trafficking and processing. Western blotting analysis of SW48 cells transfected with pro-WT and probed with anti-N-cadherin, to simultaneously detect the precursor and mature N-cadherin species revealed that the precursor was the predominant form ([Fig 5A](#pone.0156758.g005){ref-type="fig"}). Endogenous levels of N-cadherin were negligible (not shown). Using an antibody that recognizes all p120 isoforms (clone 15D2, \[[@pone.0156758.ref031]\]) we also confirmed the negligible expression of endogenous p120 isoforms ([Fig 5A](#pone.0156758.g005){ref-type="fig"}). Individual reconstitution of SW48 cells with p120-1, -3, and -4 promoted the processing of the N-cadherin precursor and the appearance of mature N-cadherin, visualized as a lower molecular weight band in blots ([Fig 5A](#pone.0156758.g005){ref-type="fig"}). Confocal analysis of cells at equatorial planes revealed that all p120 isoforms transfected in SW48 cells accumulated at intercellular junctions, as expected ([Fig 5B--5H](#pone.0156758.g005){ref-type="fig"}). Parental, non transfected cells did not develop conspicuous intercellular junctions, as revealed by F-actin labeling ([Fig 5B--5D](#pone.0156758.g005){ref-type="fig"}, \"*nt*\"). In addition, expression of pro-WT in parental SW48 cells, did not show accumulation of GFP at intercellular junctions, both the HA (precursor cadherin) and GFP label (total N-cadherin) colocalized at intracellular compartments ([Fig 5I](#pone.0156758.g005){ref-type="fig"}). In contrast, cells reconstituted with different p120 isoforms showed the expected intracellular HA (and GFP) label, but a prominent and exclusive GFP signal accumulated at intercellular junctions, consistent with the production of mature and functional N-cadherin ([Fig 5J--5L](#pone.0156758.g005){ref-type="fig"}). In addition, p120-reconstituted cells tend to form more compacted cellular aggregates than parental cells, in agreement with previous findings showing that expression of p120 in SW48 cells induced a significant compaction of epithelial colonies \[[@pone.0156758.ref041]\]. We confirmed the expression of p120 in reconstituted cells in separate experiments (not shown). Confocal colocalization analysis of the pro-WT2 construct (lacking the GFP at the C-terminus) revealed that in parental SW48 cells the N-cadherin precursor (HA label) colocalized with calnexin (ER marker) and in a minor degree with GalNacT (Golgi marker, \[[@pone.0156758.ref042]\] ([Fig 5M, 5N and 5Q](#pone.0156758.g005){ref-type="fig"}). In contrast, in cells reconstituted with p120 isoforms 1, 3 and 4, the colocalization of N-cadherin precursor with calnexin was less evident, while its colocalization with GalNacT increased ([Fig 5O, 5P and 5Q](#pone.0156758.g005){ref-type="fig"}; only data of isoform 1 is shown). Taken together, the reconstitution of different p120 isoforms in SW48 cells confirm the results of p120 knockdown in HeLa cells, strongly indicating that p120 expression promotes the trafficking and processing of the N-cadherin precursor and the surface localization of mature N-cadherin. This function of p120 can be performed by all isoforms tested.

![N-cadherin distribution in SW48 colon carcinoma cells reconstituted with p120.\
(A) Cells were co-transfected with pro-WT and p120 isoforms 1, 3 or 4. Soluble protein extracts from parental (P) and reconstituted cells (1, 3 and 4) were analyzed in Western blotting probed with anti-N-cadherin to recognize the precursor and mature forms of pro-WT, the p120 isoforms (clone 15D2), and tubulin. The graph shows quantification of precursor/mature ratios normalized to tubulin. (B-H) Confocal analysis of representative cells reconstituted with isoform 1 (B-D), 3 (E-G) and 4 (H). Cells were labeled for p120 (B, E, H) and F-actin (C, F). Arrows point intercellular junctions. \"*nt*\" in (B) indicates non-transfected cells. (I-L) Distribution of precursor and mature forms of N-cadherin in parental cells expressing pro-WT and empty vector (I), or vectors encoding p120-1 (J), p120-3 (K) or p120-4 (L). The distribution of ectopic N-cadherin precursor (red label) and total N-cadherin (green label) was detected by anti-HA and GFP fluorescence, respectively. (M-P) Colocalization of the N-cadherin precursor with ER and Golgi markers. Cells expressing pro-WT2 in parental (M) and reconstituted with p120-1 (O) conditions were double-labeled for HA (red signal) and calnexin (green signal). The expression of p120-1 construct was verified in triple label samples (not shown). Note the redistribution of the HA signal to the perinuclear compartment in p120-1 reconstituted cells. The Golgi apparatus was revealed by GalNacT-DsRed transfection in parental (N) and p120-1 reconstituted (P) cells. Note the tight overlapping of the HA label (shown in red) with GalNacT-DsRed (shown in green) in the Golgi. (Q) Manders colocalization coefficients calculated from HA and calnexin (n = 13 cells), and HA and GalNacT (n = 13 cells) signals. Bars represent means ± S.E.M. Statistical significance was determined by a two-tailed Mann-Whitney test. All cell images represent equatorial confocal planes and white arrows point intercellular junctions. Scale bar in (P), 14 μm.](pone.0156758.g005){#pone.0156758.g005}

To further confirm the role of NSF and p120 in N-cadherin precursor processing, SW48 cells were co-transfected with pro-WT along with empty vector (pcDNA) or pcDNA-p120-1 in combination with either NSF-WT or NSF-E329Q. Western blotting analysis revealed that overexpression of functional NSF in parental cells was not enough to promote N-cadherin processing in absence of p120 expression ([Fig 6A](#pone.0156758.g006){ref-type="fig"}). Also, reconstitution of parental cells with p120 isoform 1 was not enough to promote the processing of N-cadherin if the dominant negative NSF-E329Q was co-expressed. Expression of both, NSF-WT and p120-1 was necessary for N-cadherin precursor processing to the mature form ([Fig 6A and 6B](#pone.0156758.g006){ref-type="fig"}). In three independent repetitions of this experiment we consistently noticed lower levels of p120 in cells expressing NSF-E329Q, compared to those expressing NSF-WT. Quantification of p120 and NSF bands in densitometric scans, and comparison of p120/NSF ratios (or p120/tubulin ratios, not shown), confirmed the statistical significance of these observations (NSF-WT mean: 1.6 ± 0.23 vs NSF-E329Q mean: 0,65 ± 0.12) ([Fig 6C](#pone.0156758.g006){ref-type="fig"}).

![Combinatorial analysis of p120 and NSF in N-cadherin processing.\
(A) SW48 cells expressing pro-WT in combination with empty vector (pcDNA) or p120-1, and NSF-WT (WT) or NSF-E329Q (E329Q). Shown is a representative blot probed with anti-N-cadherin to detect the precursor and mature form of N-cadherin, anti-p120, anti-NSF, and anti-tubulin. (B, C) Quantification of N-cadherin precursor/ mature ratio (B) or p120/ NSF ratio (C) from blot scans expressed in arbitrary units (A. U.). Graph bars represent means ± S.E.M. from three independent experiments. Statistical significance (p \< 0.05) was determined using one-way ANOVA, followed by the Dunnett´s multiple comparison *post hoc* test (B), or a two-tailed Student´s *t*-test (C). Different letters in (B) indicate statistically different means.](pone.0156758.g006){#pone.0156758.g006}

Discussion {#sec016}
==========

After biosynthesis at the ER, cadherins are delivered to the cell surface where they mediate homophilic, Ca^+2^-dependent intercellular adhesion. Adhesion strength is modulated by the amount of cadherin at the cell surface, which results from a complex interplay among biosynthesis, degradation, traffic, and anchorage to the cytoskeleton \[[@pone.0156758.ref003], [@pone.0156758.ref043]--[@pone.0156758.ref045]\]. P120 and β-catenin are major direct interacting partners of cadherins. They bind to different sites in the cytoplasmic domain of cadherin precursors soon after their insertion at the ER membranes, trafficking as a complex towards the cell surface \[[@pone.0156758.ref017]--[@pone.0156758.ref019], [@pone.0156758.ref046], [@pone.0156758.ref047]\].

The present study proposes that early anterograde traffic of nascent cadherin is regulated by associated p120 catenin, suggesting a mechanism by which p120 catenin recruits NSF to the cadherin precursor complex, facilitating its movement from the ER to Golgi. So far it was well established that p120 association to mature cadherin at the cell surface prevented its internalization and degradation, acting as a \"set-point\" for cadherin expression \[[@pone.0156758.ref048]\]. However, the role of p120 in cadherin traffic through the biosynthetic pathway is intriguing and less understood. Pulse-chase experiments combined with surface biotinylation performed in human cervical carcinoma A431 cells, revealed that p120 knockdown (p120KD) did not affect E-cadherin biosynthesis and traffic to the cell surface \[[@pone.0156758.ref008]\]. However, other studies showed that p120 associated directly with microtubules and kinesin, and disruption of p120/kinesin interaction impaired the delivery of nascent N-cadherin to newly forming junctions \[[@pone.0156758.ref021], [@pone.0156758.ref049]--[@pone.0156758.ref051]\]. It should be noted that these studies suggest a role of p120 in post-Golgi delivery of N-cadherin towards the plasma membrane. Recent work from our laboratory, however, suggested that p120 could also be implicated in ER to Golgi transport of the N-cadherin precursor \[[@pone.0156758.ref022]\]. We found that in fibroblasts deficient in protein tyrosine phosphatase 1B (PTP1B) expression, the passage of the N-cadherin precursor from ER to Golgi was impaired. This defect correlated with decreased association of p120 to the precursor. Additionally, expression of HA-N-cadherin-3A mutant unable to bind p120, was more sensitive to endoglycosidase H than wild type N-cadherin, suggesting a defect in transport of the precursor from ER to Golgi \[[@pone.0156758.ref022]\]. These results, however, do not rule out the possibility that other partners, which bind to overlapping sites within the juxtamembrane region, such as presenilin-1, ankyrin-G and GRIP-1 could also be implicated \[[@pone.0156758.ref023]--[@pone.0156758.ref025]\]. Thus, in the present study we specifically inhibited p120 expression in HeLa cells by shRNAi, and provided a direct evidence of a p120 function in the ER-Golgi traffic of N-cadherin precursor. High resolution confocal analysis of p120KD cells revealed a punctate distribution of the N-cadherin precursor, which significantly overlapped with ER marker calnexin. In control conditions, however, most of the N-cadherin precursor accumulated at the Golgi apparatus and puncta distribution is rare. Additionally, in p120KD cells the N-cadherin precursor colocalized more tightly with the intermediate compartment marker ERGIC-53 than in control conditions. These results suggest that, under p120 inhibition, the N-cadherin precursor is able to aggregate at the ER, but its export and transport through the intermediate compartment is impaired. In normal conditions, and following arrival of the cadherin precursor to the *trans*-Golgi network (TGN), the propeptide is cleaved by furin proteases \[[@pone.0156758.ref015]--[@pone.0156758.ref017]\]. Consistent with an impaired flow of N-cadherin precursor from the ER to TGN in p120KD cells, we found a significant accumulation of precursor levels compared to control conditions. These observations were confirmed in HeLa cells transfected with the N-cadherin mutant unable to bind p120. In addition, the reconstitution of p120 expression in the p120-defficient SW48 cell line, promoted N-cadherin traffic and processing. We found that isoforms p120-1, -3 and -4 have an equivalent function. These isoforms share the conserved cadherin-binding domain and the C-terminal region, but differ in the length and presence of regulatory motifs localized in the N-terminal region \[[@pone.0156758.ref040]\]. Isoform-1 is the longest protein and contains the full length N-terminal domain, bearing a putative coiled-coil motif and a phosphorylatable regulatory domain. Isoform-3 lacks the coiled-coil motif but retains the regulatory domain, and isoform-4 lacks the entire N-terminal domain (\~300 amino acids). Our results suggest that the capacity to promote trafficking and processing of the N-cadherin precursor does not reside in the N-terminal region of p120. However, we cannot rule out a modulatory effect of this region, as it has been reported for p120 function controlling cadherin dynamics \[[@pone.0156758.ref012]\].

Depletion of p120 could alter the anterograde traffic of the N-cadherin precursor through an indirect effect, for example impairing the association of β-catenin. Indeed, previous work in MDCK cells showed that expression of E-cadherin mutants with deletions or with inactivating amino acid substitutions in the β-catenin binding region, were mostly retained at the ER \[[@pone.0156758.ref047]\], or accumulated in Golgi and post-Golgi compartments \[[@pone.0156758.ref052]\]. It is not clear, however, if these mutants still associate efficiently with p120. Beta catenin could facilitate the export of N-cadherin from ER through binding to a PX-RICS-14-3-3ζ/θ-dynein-dynactin complex, since RNAi depletion of these components lead to N-cadherin retention at the ER \[[@pone.0156758.ref053]\]. Moreover, recent structural analysis revealed a novel functional consequence of β-catenin association to cadherin \[[@pone.0156758.ref054]\]. Beta catenin could contribute to strengthen cadherin-p120 association by recruiting α-catenin to the complex, and promoting additional contacts between p120 and α-catenin. However, most short term experiments inhibiting p120 expression or association with cadherin did not show a correlative effect on β-catenin. It was noted previously that p120 knockdown in SK-CO15 colon carcinoma cells did not affect β-catenin expression levels \[[@pone.0156758.ref035]\]. Similarly, we did not observe reduction of β-catenin levels by p120 knockdown in HeLa cells (results not shown). In addition, we and others clearly showed that β-catenin association with N-cadherin precursor was not coupled to p120 dissociation \[[@pone.0156758.ref007], [@pone.0156758.ref022], [@pone.0156758.ref055]\]. Thus, our present data on N-cadherin precursor traffic likely reflect the direct consequence of loosing p120 function.

What is the mechanism by which p120 associated with the N-cadherin precursor promotes ER to Golgi traffic? A major finding of the present work is that NSF is recruited to the N-cadherin precursor complex in a p120- and PTP1B-dependent manner. Previously we found that binding of p120 to the N-cadherin precursor, and ER to Golgi traffic, was impaired in PTP1B deficient cells \[[@pone.0156758.ref022]\]. Together, these results suggest a functional interplay among PTP1B, p120 and NSF, with consequences in N-cadherin traffic. PTP1B localization at the cytosolic face of ER membranes \[[@pone.0156758.ref056]\] may facilitate dephosphorylation of proteins associated with the cytoplasmic domain of the N-cadherin precursor, such as p120 and beta catenin \[[@pone.0156758.ref017], [@pone.0156758.ref020], [@pone.0156758.ref022]\]. Besides promoting the association of p120 with the N-cadherin precursor, and indirectly the recruitment of NSF to the complex, PTP1B may also have a direct effect on NSF activity. Indeed, three laboratories have independently shown a positive effect of PTP1B in membrane fusion, likely by dephosphorylation and activation of NSF \[[@pone.0156758.ref028], [@pone.0156758.ref036], [@pone.0156758.ref037]\]. Our results showing higher retention of phosphotyrosine in the NSF fraction associated with the N-cadherin precursor in KO cells compared to WT cells suggest this possibility.

As a general regulator of membrane fusion, NSF is likely required not only for ER-Golgi traffic but also for post-Golgi events. However, we were unable to detect NSF in complexes of mature N-cadherin, suggesting that different mechanisms regulate the composition of N-cadherin complexes at specific subcellular locations and functional stages. Regulation of protein trafficking to the plasma membrane in complexes with NSF has recently been described for transmembrane receptors, including the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) subtype of glutamate receptors \[[@pone.0156758.ref026]\]. These complexes could be linked with cadherins by multi-PDZ domain scaffold proteins such as the glutamate receptor interacting protein (GRIP), which interacts with the p120 relative δ-catenin \[[@pone.0156758.ref057]\]. GRIP also links AMPA receptors and N-cadherin with the anterograde motor protein KIF5C, ensuring the proper co-deliver of N-cadherin and AMPA receptors to dendritic spines \[[@pone.0156758.ref025]\]. Interestingly, δ-catenin binds to GRIP through a C-terminus motif. This is relevant to our finding that all isoforms of p120 tested have equivalent capacity to promote N-cadherin trafficking, suggesting that the molecular determinant implicated in NSF recruitment must reside in the armadillo and/or the C-terminal domain. Both mechanisms, the association of N-cadherin to KIF5C through GRIP and the association of NSF to the N-cadherin precursor (described in this work), could work together to ensure the proper delivery of N-cadherin to the cell surface.

Our results showed that impairing NSF function with the dominant negative construct NSF-E329Q led to a dramatic retention of N-cadherin precursor at the ER, impairing its processing to the mature form, and leading to a significant reduction of N-cadherin at intercellular junctions. Unexpectedly, NSF depletion by siRNA did not affect the processing of the N-cadherin precursor. Although we cannot completely exclude that a residual fraction of NSF may still fulfill the requirements for the N-cadherin precursor traffic, these results suggest a non essential role of NSF in the ER-Golgi movement of the N-cadherin precursor. In agreement with this, recent studies in NSF-depleted SK-CO15 colonic epithelial cells showed a lack of effect on the distributions of KDEL-R and GM130 \[[@pone.0156758.ref058]\]. However, depletion of the NSF homolog, p97, caused a redistribution of these markers from a well defined Golgi localization in control cells to a punctate distribution scattered throughout the cell, suggesting an impairment of ER-Golgi traffic \[[@pone.0156758.ref058]\]. Thus, the lack of effect of NSF siRNA depletion in our experiments may reflect compensatory functions performed by p97. The strong effect of the dominant negative NSF construct, observed in the present work, may reflect a \"substrate trap\" activity, likely sequestering the adaptor protein αSNAP \[[@pone.0156758.ref039], [@pone.0156758.ref058]\]. Recent work showed that RNAi depletion of αSNAP in SK-CO15 cells impaired epithelial junctions, and downregulated p120 catenin and E-cadherin, but not β-catenin expression \[[@pone.0156758.ref035]\]. Strikingly, αSNAP knockdown also impaired ER-Golgi transport, and produced accumulation of ER-glycosylated forms of the β1 integrin precursor, effects that are not mimicked by NSF depletion \[[@pone.0156758.ref035], [@pone.0156758.ref058]\]. The mechanistic aspects of αSNAP function in ER-Golgi traffic are still unknown, although experimental evidence suggests a role in pre-docking/docking steps during the membrane fusion process \[[@pone.0156758.ref059]\]. Our results expressing the dominant negative NSF construct in HeLa and SW48 cells recreate several effects of the αSNAP knockdown, including the impairment of intercellular junctions and ER-Golgi transport, as well as the downregulation of p120 levels \[[@pone.0156758.ref035], [@pone.0156758.ref058]\]. Thus, we cannot rule out that the dominant negative NSF-E329Q effects on N-cadherin traffic may be related to indirect inhibition of αSNAP. It remains to be determined if αSNAP, which recruits NSF to membranes, is present in the complex of proteins associated with the N-cadherin precursor, and the potential p120 dependency. We envisage a scenario in which ER-bound PTP1B function ensures p120-dependent recruitment of NSF to the N-cadherin precursor complexes. NSF activation, likely by PTP1B, facilitates membrane fusion events associated with vesicular traffic initiated at the ER ([Fig 7](#pone.0156758.g007){ref-type="fig"}). In the absence of NSF, its homolog p97 likely compensates NSF function.

![Model representing the complex assembly required for N-cadherin precursor traffic at the ER.\
N-cadherin precursor (blue) is co-translationally inserted at the ER membrane, with the C-terminus localized in the cytoplasm. Binding of p120 (red) and β-catenin (green) to the precursor cytoplasmic domain occurs at the ER. PTP1B (brown) localized at the ER dephosphorylates p120 and stabilize its association with the complex \[[@pone.0156758.ref022]\]. Perturbation of these events impairs traffic. In a traffic competent state, p120 recruits NSF (yellow) to the complex, where is likely dephosphorylated and activated by PTP1B. The recruitment of αSNAP (white) to the N-cadherin precursor complex, and its role in ER-Golgi traffic, remains to be confirmed.](pone.0156758.g007){#pone.0156758.g007}

Supporting Information {#sec017}
======================

###### 

Figure A: Expression levels of pro-WT. The HA-N-cadherin-GFP (pro-WT) construct was transfected in HeLa cells and the expression levels were analyzed by Western blotting with anti-N-cadherin, to allow for the direct comparison with endogenous N-cadherin levels. Due to the GFP fusion, pro-WT migrates slower than endogenous N-cadherin. Under our detection conditions essentially all ectopic and endogenous N-cadherin correspond to mature, processed proteins. Representative blots of two independent experiments are shown at the left. Quantification of the bands is shown in the graph. Bars represent means ± S.E.M. from five experiments. Figure B: Effect of p120 shRNAi targeting. (A) Western blotting analysis of HeLa cells transfected with empty pG-Shin2 vector (ve), the vector encoding the human p120 targeting sequence (hu), or the equivalent mouse p120 targeting sequence (mo). Blots were probed with anti-p120 (clone 6H11), anti-N-cadherin, and anti-tubulin. Only the human p120 targeting sequence showed a marked effect on p120 expression. A representative blot of 3 independent experiments is shown. (B-D) HeLa cells expressing the control, mouse p120 targeting sequence. Immunofluorescence with anti-p120 reveals similar p120 levels (red signal) in transfected (GFP positive cells) and non transfected cells. Scale bar in (D), 35 μm.
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